Exercise training is mainly characterized by intensity, duration and frequency of training stimuli [16] . An adequate combination of these characteristics is a prerequisite for efficient training. This combination is dependent on the duration and, therefore, on the metabolic requirements of discipline-specific competition. Swimming competitions usually last between 22 s and about 15 min (50-m -1500-m events) and metabolic demands are mainly covered by anaerobic as well as aerobic glycolytic pathways [26] . Compared to the relatively short competition times, training volume is usually very high [22] . A main part of this high-volume swim training is usually performed in the low-intensity range [17, 22] . In view of the demands of competitive swimming, particularly 50-m to 400-m events, a lower overall training volume with an emphasis on high-intensity training bouts seems to be an alternative. A recent review [9] analyzed ten studies with highly trained cyclists and runners. These authors concluded that nowadays elite endurance athletes can improve their discipline-specific performance mainly by high-intensity interval training. High-volume training does not result in considerable performance enhancements in trained endurance athletes any more. Scientific literature with regard to the design of training programs in swimming is rare. Costill et al. [2] analyzed the effect of a more than doubled training amount (4266 to 8970 m per day) with constant intensity for ten consecutive days. Maximal and submaximal blood lactate concentrations and heart rates were decreased after the high-volume training period, whereas maximal 22.9-m performance was unchanged. In 1991, Costill et al. [3] arrived at similar results when comparing two groups who trained with quite different volumes (5000 vs. 9300 m per day for 6 weeks) and concluded that a considerable increase in training amount does not lead to further performance enhancements, particularly over short distances. However, these authors evaluated independent samples and training intensity was not varied. To summarize, there are indications that in swimmers low-volume training including highintensity bouts may induce relevant adaptations
Introduction

!
Exercise training is mainly characterized by intensity, duration and frequency of training stimuli [16] . An adequate combination of these characteristics is a prerequisite for efficient training. This combination is dependent on the duration and, therefore, on the metabolic requirements of discipline-specific competition. Swimming competitions usually last between 22 s and about 15 min (50-m -1500-m events) and metabolic demands are mainly covered by anaerobic as well as aerobic glycolytic pathways [26] . Compared to the relatively short competition times, training volume is usually very high [22] . A main part of this high-volume swim training is usually performed in the low-intensity range [17, 22] . In view of the demands of competitive swimming, particularly 50-m to 400-m events, a lower overall training volume with an emphasis on high-intensity training bouts seems to be an alternative. A recent review [9] analyzed ten studies with highly trained cyclists and runners. These authors concluded that nowadays elite endurance athletes can improve their discipline-specific performance mainly by high-intensity interval training. High-volume training does not result in considerable performance enhancements in trained endurance athletes any more. Scientific literature with regard to the design of training programs in swimming is rare. Costill et al. [2] analyzed the effect of a more than doubled training amount (4266 to 8970 m per day) with constant intensity for ten consecutive days. Maximal and submaximal blood lactate concentrations and heart rates were decreased after the high-volume training period, whereas maximal 22.9-m performance was unchanged. In 1991, Costill et al. [3] arrived at similar results when comparing two groups who trained with quite different volumes (5000 vs. 9300 m per day for 6 weeks) and concluded that a considerable increase in training amount does not lead to further performance enhancements, particularly over short distances. However, these authors evaluated independent samples and training intensity was not varied. To summarize, there are indications that in swimmers low-volume training including highintensity bouts may induce relevant adaptations
Abstract
!
The present study aimed at comparing a highvolume, low-intensity vs. low-volume, high-intensity swim training. In a randomized crossover design, 10 competitive swimmers performed two different 4-week training periods, each followed by an identical taper week. One training period was characterized by a high-training volume (HVT) whereas high-intensity training was prevalent during the other program (HIT). Before, after two and four weeks and after the taper week subjects performed psychometric and performance testing: profile of mood states (POMS), incremental swimming test (determination of individual anaerobic threshold, IAT), 100 m and 400 m. A small significant increase in IAT was observed after taper periods compared to pretraining (+ 0.01 m/s; p = 0.01). Maximal 100-m and 400-m times were not significantly affected by training. The POMS subscore of "vigor" decreased slightly after both training periods (p = 0.06). None of the investigated parameters showed a significant interaction between testtime and training type (p > 0.13). Nearly all (83%) subjects swam personal best times during the 3 months after each training cycle. It is concluded that, for a period of 4 weeks, high-training volumes have no advantage compared to high-intensity training of lower volume. more efficient than the usually used high-volume training programs. Therefore, the present study aimed at comparing a highvolume, low-intensity (HVT) and a low-volume, high-intensity training program (HIT) with regard to physiological adaptations in competitive swimmers. It was hypothesized, that HVT does not lead to significantly larger training adaptations in physiological parameters relevant for swimming performance than HIT.
Materials and Methods
!
Study design and employed procedures are in accordance with ethical standards and the Declaration of Helsinki. The study was approved by the local ethics committee as well as by the review board of the Federal Institute of Sport Science (Bundesinstitut für Sportwissenschaft, Bonn, Germany). Each subject was fully informed of the risks and stresses associated with study participation and gave written informed consent before the start of the study. If subjects were under 18 years old, written informed consent was obtained from their parents.
Subjects
A total of 15 competitive swimmers were recruited for the present investigation. Five swimmers dropped out of the study because of acute infection (n = 1), private reasons (n = 1) or inadequate compliance with the training protocol (n = 3). Ten subjects (4 females and 6 males) completed the whole study and were included for statistical analyses. Anthropometrical data and training characteristics are given in l " Table 1 . Subjects were of regional to national level and specialized on distances between 100 and 400 m. All subjects were ranked in their main discipline between 1 and 47 (9 out of 10 swimmers were ranked 10 or better) in the national age-group ranking. Eight out of ten swimmers were ranked 42 or better in the national overall ranking with one having been national champion. The usual training amount (water and dry-land training) exceeded 20 hours per week in all subjects. Five swimmers were specialized in front crawl, four in breaststroke and one in backstroke. Before the start of the study, subjects were screened medically (history, physical examination, and resting ECG) to ensure that there were no contraindications to study participation.
General design
The randomized cross-over design included two different training periods of 4 weeks duration, each followed by one identical taper week (l " Fig. 1 ). One training period was characterized by an increase in training volume (high-volume training, HVT) whereas training volume at high intensities was augmented and overall volume was decreased during the other training program (high-intensity training, HIT). Before (T1), after two (T2) and four weeks (T3) as well as after the taper week (T4) subjects reported to an indoor swimming pool for performance and psychometric testing. During the 3 days prior to the first test (run in-phase), only low-intensity training of short duration was performed to ensure that subjects were similarly recovered at the start of the training period. All subjects were familiar with the testing procedures used in the present study. A 4-week training period was chosen because this represents a typical training mesocycle which can be precisely preplanned. It is in the upper range of previous training studies [2 -5, 7,10,13, 20] . Between both training periods a wash-out period of a minimum of 4 months and a maximum of 1 year was maintained. This washout period was chosen on an individual basis depending on the number of main competitions (2-or 3-peak periodization) planned for the subjects during the year. Both training periods were conducted at a similar time during seasonal periodization not including the first three weeks of early preparation. All com- petition results of each swimmer in her/his main discipline were recorded during a 3-month period after both training cycles.
Training control
Training was scheduled by the athletes' home coach and coordinated by an experienced exercise physiologist. It was intended to analyze two realistic training programs considerably different with regard to training volume and intensity. HVT was characterized by a nearly 30 % increase in total volume as compared to their usual training, whereas training amount at high intensities was augmented by about 50 % and total training volume was decreased by 40 % in HIT (l " Table 2 ). Training contents were classified according to six different intensity zones (compensation, low-intensity endurance, high-intensity endurance, intensive intervals, speed endurance, speed). For compensation, low-intensity endurance, high-intensity endurance, and intensive interval sessions, this was done in relation to the individual anaerobic threshold according to the model proposed by Meyer et al. [14] . The transferability of this framework to swim training has been evaluated by our own pilot work (unpublished results). Speed endurance as well as speed sessions were guided relative to personal best times. Typical examples for training bouts of the chosen intensity zones and the amount of training spent in these intensity zones are given in l " Table 2 . Capillary blood samples were taken during selected training programs to ensure that the intended intensity zone was reached. Subjects trained six days per week. All athletes received a detailed training plan before the start of the study and they filled in a daily training log book. Dry-land training (resistance, athletics, cross training) was held constant at about 2 hrs • wk -1
. Due to organizational constraints, competitions were included in both training periods. Competitions were of preparational character and scheduled in both training periods on the same days.
Testing days and procedures
Physiological and psychometric testing was conducted at the training center beginning either at 8 a. m. or 3 p. m. All tests of a single athlete were carried out at the same time. First, subjects filled in the profile of mood states" (POMS; German version: 35 items, 4 subscales, depression, fatigue, anger, vigor). Subsequently, athletes performed an incremental swimming test (IST) for determination of the individual anaerobic threshold (IAT) [25] . One hour after cessation of the IST, swimmers performed two 100-m bouts (submaximal and maximal) separated by 30 min [23] . One hour after the second 100 m, subjects conducted a maximal 400-m swim. Athletes were told to keep their nutrition constant and carbohydrate-rich on testing days as well as on the days prior to the tests. Low-intensity training was scheduled on the days prior to all testing days. All exercise tests and training sessions were performed in a 50-m indoor swimming pool. Subjects swam all tests in their main stroke.
Incremental swimming test (IST)
The IST consisted of several 200-m bouts which were swum with increasing intensity. The speed of the first step was chosen according to the subjects' main stroke, gender and personal best time. Time for each consecutive 200-m swim was decreased by 10 s. It was intended to arrive at a total of 5 to 6 steps (e.g., 2 : 50 min for the first step was chosen for a male front crawl swimmer expected to swim the last 200 m in 2 : 00 min, personal best time = 1 : 56.5 min). Swimming velocities were precisely given by a flashing light system on the bottom of the pool (for backstroke swimmers on the ceiling; GTC, Ludwigshafen, Germany). Rest between stages was standardized at 45 s to allow for adequate heart rate measurements and blood sampling. ] is the velocity during the final stage completed and s [m] is the way reached in the final uncompleted stage (adapted from incremental cycling exercise [5] ). Capillary whole-blood samples (20 µl) were taken from the hyperemized earlobe before start, at the end of each stage, and 1, 3, 5, 7, and 10 min after cessation of exercise and analyzed for lactate concentrations (automated enzymatic-amperometric method, Greiner BioChemica, Flacht, Germany). IAT was determined from the lactate-workload plot using a PC routine (software developed by H. Heck, University Bochum, Germany). The IAT has been shown to estimate the maximal lactate steadystate during running and cycling [11, 27] . Our own pilot work has shown steady-state lactate levels during constant-load swimming at an intensity corresponding to IAT in 15 subjects tested (unpublished results). The average blood lactate concentrations during these constant load tests was 4.2 mmol • L -1 . This is similar to lactate levels observed during IAT steady-state trials in cycling, running and rowing [1, 24, 27] . Therefore, it seems plausible that IAT is also an adequate means to assess discipline-specific aerobic endurance capacity in swimming. Heart rate (Polar Electro, Kempele, Finland) was measured immediately after the end of each stage. 
Performance tests
One hour after the IST, swimmers performed a submaximal 100-m swim at a velocity corresponding to 130 % of the world record time (velocity given by a flashing lights system). This test was performed to evaluate possible training-induced changes during standardized, submaximal exercise. Capillary blood samples were taken at rest and 1, 3, 5, and 7 min after cessation. After 30 min of passive rest, a second 100-m bout was swum at maximal intensity to allow for estimating possible training influences on lactacid energy production. Capillary blood samples were taken at rest and 1, 3, 5, 7, and 10 min after cessation. A 400-m maximal swimming test was performed one hour after the maximal 100-m bout. The 400-m maximal test was chosen because it represents the upper end of typical distances swum by the subjects of the present study with a high component of aerobic energy production. Capillary blood samples were taken at rest and 1, 3, 5, and 7 min after cessation. Heart rates were measured immediately after the end of all tests. Stroke frequency (SF) was determined by measuring the time of four consecutive strokes in the middle of the swimming lane (excluding turns). For the 400-m event the average SF of lanes three to six was taken for statistical analyses.
Statistics
All data were normally distributed (Kolmogorov-Smirnoff test). Data are presented as means and standard deviations (SD). A two-factorial ANOVA (factor 1: HIT vs. HVT; factor 2: T1 (vs. T2) vs. T3 vs. T4) was used to test for global effects over the study period. In cases of significant effects, post hoc analyses were carried out using the Scheffé test. Best results in the 3-month periods after HIT vs. HVT (as percentage of personal best) were compared using a paired Student's t-test. The level of statistical significance was set at p < 0.05 for the a-error.
Results
!
Incremental swimming test
A significant increase of the IAT at T4 compared to pretraining values was observed during both training periods (p = 0.01). Significantly higher maximal blood lactate concentrations were observed at T3 and T4 compared to T2 (p = 0.04 and 0.002, respectively; l " Fig. 2 ). ANOVA revealed a global effect for the training cycle with significantly higher maximal blood lactate concentrations after IST in HIT compared to HVT (p = 0.04). No significant interaction between test-time and training type for any parameter of the IST was observed (all p values > 0.31).
Performance tests
Maximal 100-m and 400-m times were not significantly affected by either training program. Blood lactate concentrations after the maximal 100-m bout were significantly lower at T1 compared to T3 (p = 0.04). Slightly lower lactate concentrations after the submaximal 100-m swim were found at T4 compared to T1 (p = 0.07). Heart rate values after the 400-m bout were significantly lower at T1 and T3 compared to T4 during the HVT cycle (p = 0.02 and 0.05, respectively; l " Table 3) . No significant interaction between test-time and training type for any parameter of the maximal performance tests was observed (all p values > 0.13). 
Competition results
One subject did not take part in any competition after HVT training cycle due to private reasons. Therefore, only nine subjects were analysed with regard to their best competition results during the 3-month period after the study training phases. Nearly all subjects (7 out of 9 during HIT and 8 out of 9 subjects during HVT) reached or improved their personal best times after each training cycle (l " Table 4 ). No significant difference was found between best competition times in the swimmers' main discipline during the 3-month period after HIT and HVT (p = 0.41).
Psychometric results
The POMS subscore of vigor tended to decrease during both training cycles (p = 0.06; l " Table 5 ). No significant interaction between test-time and training type for any psychometric parameter was found (all p values > 0.35).
Discussion
!
The present study was conducted in order to analyze the effects of a 4-week high-volume low-intensity vs. low-volume high-intensity training program on physiological and psychometric parameters in swimmers. The main result was that no different effects of either training program in any of the tested parameters were observed. In addition, competitive performance times during a 3-month period after the training phases were similarly enhanced after both programs. Usually large training volumes are carried out in high-level swim training, particularly during the early preparation phases for main competitions. This is often justified by coaches as inducing long-lasting aerobic adaptations for the competition phase [22] . In line with the results of the present study, there is further evidence that high-training volumes and an extraordinary high-aerobic capacity do not seem necessary prerequisites for maximal performance in competitions lasting between 20 s and 5 min (50-m to 400-m events, > 80 % of swimming competitions). For instance, Mujika et al. [17] divided 18 high-level swimmers retrospectively in a group performing better and a group performing worse than the previous season and compared these groups with regard to their actual training contents. Those authors observed that performance improvement was not related to training volume and frequency in these subjects. However, the authors concluded that training intensity was the key factor in the production of a training effect. Costill and colleagues [2, 3] observed that a nearly doubled training volume did not enhance aerobic or anaerobic capacities compared to a usual training volume. However, in these studies training intensities were not varied. Nevertheless, these results are in line with the findings of the present study. Although 100-m and 400-m performance times remained unchanged, a slight increase in aerobic capacity was observed after both 4-week training programs and most of the subjects improved their personal best time in their main stroke during the 3 months after the study period. To our knowledge, this is the first scientific investigation evaluating performance effects of high-volume vs. high-intensity training regimes in a group of competitive swimmers using a randomized crossover design. Energy expenditure increases exponentially with an increase in swimming velocity due to an exponential increase in drag. Therefore, factors such as the ability to apply power to propulsion in an efficient manner, i.e., technical skills, may be more related to performance in competitive swimming than in other endurance disciplines like running or cycling [22] . Consequently, it seems plausible that a reduction of total training volume to shift importance to other performance determining factors might contribute to a more economic training strategy. However, the present study investigated variations in training volume and intensity but did not differentiate between other training contents and, therefore, such a conclusion cannot be drawn. Although research has shown that high-intensity interval training is effective in improving performance in already well-trained endurance athletes, the underlying physiological mechanisms are largely unclear [9] . It could be hypothesized that high-intensity intervals may lead to central adaptations, for instance an increase in stroke volume [6] leading to a decreased heart rate at a set exercise intensity. However, there is evidence that changes in stroke volume do not appear in already trained athletes [9] . In the present study, heart rates during both maximal exercise tests as well as during the submaximal 100-m bout remained nearly unchanged. Additionally, it seems possible that high-volume and high-intensity training programs may affect glycolytic and oxidative en- Table 4 Best competition time of each single subject during the 3-month period after both training phases related to personal best time (n = 9 subjects) Table 5 Total score as well as the subscores vigor, fatigue, depression, and anger of the "profile of mood states" during both training cycles T1  T2  T3  T4  T1  T2  T3  T4 zyme activity in a different manner with high-volume training leading to adaptations in oxidative metabolism whereas glycolytic enzyme activity will be raised after high-intensity training [8] . However, research in highly trained athletes is rare and inconclusive [9] . The present results also showed no significantly different changes in maximal and submaximal blood lactate concentrations after both training programs, although blood lactate values after the submaximal 100-m swim were slightly lower after HVT compared to HIT. The significant increase of the IAT after both training periods can be interpreted as a slight improvement in aerobic capacity of the subjects. There is evidence that aerobic endurance capacity in highly trained swimmers did not change after the first weeks of the season [15, 21] . Therefore, considerable enhancements in aerobic capacity after the first few weeks of early preparation are not to be expected. In summary, this suggests that an exceptionally high-aerobic capacity might not be of primary importance for discipline-specific swimming performance over distances up to 400 m. Subjects in the present study were not overtrained as none of the typically reported signs (performance decrements, biomechanical changes, sleep and mood disturbances) [12, 22] were observed. Also, in contrast to other studies in high-level swimmers, no relevant effects of both training regimes were found on psychometric variables. Raglin et al. [19] analyzed mood changes in 186 college swimmers once a month over a swimming season. During this 6-month period training volume was increased from 3000 m per day at the beginning of the season up to 13 000 m. A parallel distinct increase in total POMS score (+ 35) as well as in the subscore of fatigue (+ 9) and a decrease in the subscore of vigor (-8) were observed during this period. Accordingly, O'Connor et al. [18] found similar changes when training volume was increased from 7800 m to 12 000 m per day for 3 days in 40 college swimmers. However, the change in total training amount [19] or the initial training volume [18] was considerably higher than in the present study where the training volume was increased by about 30 % during HVT (from 5500 m up to 7000 m per day).
HIT HVT
Methodological considerations
A problem in controlled training studies is to recruite an adequate number of elite athletes to reach sufficient statistical power. However, the number of athletes in the present study is in the upper range of comparable previous investigations [4, 5, 7, 10, 13, 20] . Most previous training studies in swimmers used uncontrolled longitudinal designs or analyzed independent samples. The use of a randomized cross-over design in the present study gives emphasis to the obtained results. It is difficult to control for many other influencing factors, for instance, nutrition or alternative training contents. However, subjects were regularly advised on adequate carbohydrate intake, particularly on the days prior to the tests. Additionally, a detailed training log book was filled in and the close cooperation with the responsible head coach may reduce such influences. It could be hypothesized that the chosen tests may be not sensitive enough to detect differences between both training programs. For instance, sprints over distances up to 50 m or long distance swims (1000 m or longer) may have shown different effects for HIT and HVT. However, tests over 100 m and 400 m were chosen because they reflect the range of distances which were usually swum by the subjects of the present study as well as by most elite athletes.
Conclusion
!
It is concluded from the results of the present study that over a period of 4 weeks both training programs improved aerobic endurance capacity. The high-training volumes usually used in the training of competitive swimmers are not advantageous compared to a high-intensity training of lower volume. Therefore, it seems plausible that relevant adaptations may be reached more economically and, thus, time could be saved for other relevant training contents.
